Purpose: Research and development of various accelerator-based irradiation systems for boron 10 neutron capture therapy (BNCT) is underway throughout the world. Many of these systems are nearing or have started clinical trials. Before the start of treatment with BNCT, the relative biological effectiveness (RBE) for the fast neutrons (over 10 keV) incident to the irradiation field must be estimated. Measurements of RBE are typically performed by biological experiments with a phantom. Although the dose deposition due to secondary gamma rays is dominant, the relative 15 contributions of thermal neutrons (below 0.5 eV) and fast neutrons are virtually equivalent under typical irradiation conditions in a water and/or acrylic phantom. Uniform contributions to the dose deposited from thermal and fast neutrons is based in part on relatively inaccurate dose information for fast neutrons. This study sought to improve the accuracy in the dose estimation for fast neutrons by using two phantoms made of different materials, in which the dose components can be separated 20 according to differences in the interaction cross-sections. The development of a "dual phantom technique" for measuring the fast neutron component of dose is reported.
2 along the central beam axis were used to assess the LiOH concentration at the 0, 0.001, 0.01, 0.1, 1 and 10 weight percent levels. Simulations were also performed with the phantom filled with 10 weight percent 6 LiOH solution for 95%-enriched Li-6. A phantom was constructed containing 10 weight percent 6 LiOH solution based on the simulation results. Experimental characterization of the 30 depth dose distributions of the neutron and gamma-ray components along the central axis was performed at Heavy Water Neutron Irradiation Facility installed at Kyoto University Reactor using activation foils and thermo-luminescent dosimeters, respectively.
Results:
Simulation results demonstrated that the absorbing effect for thermal neutrons occurred when the LiOH concentration was over 1%. The most effective Li-6 concentration was determined 35 to be enriched 6 LiOH with a solubility approaching its upper limit. Experiments confirmed that the thermal neutron flux and secondary gamma-ray dose rate decreased substantially however the fast neutron flux and primary gamma-ray dose rate were hardly affected in the 10%- 6 LiOH phantom. It was confirmed that the dose contribution of fast neutrons is improved from approximately 10% in the pure water phantom, to approximately 50% in the 10%- 6 LiOH phantom.
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Conclusions:
The dual phantom technique using the combination of a pure water phantom and a 10%- 6 LiOH phantom developed in this work provides an effective method for dose estimation of the fast neutron component in BNCT. Improvement in the accuracy achieved with the proposed technique results in improved RBE estimation for biological experiments and clinical practice. In early 2009, a cyclotron-based system for clinical BNCT, known as the "Cyclotron-Based Epithermal Neutron Source (C-BENS)" was installed at KURRI. 4 The world's first accelerator-based BNCT was carried out for a brain tumor using this system in November 2012 and clinical trials for treatments using C-BENS are on-going as of September 2015. Currently, BNCT is performed at 60 KURRI using the reactor-based and accelerator-based systems. Each system has unique irradiation characteristics which need to be understood and accounted for during clinical use.
Research and development into several types of accelerator-based irradiation systems is underway.
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In the near future, BNCT using these newly developed irradiation systems may be carried out at multiple facilities across the world. 9 
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It is important that the physical and biological estimations for dose quantity and quality are performed consistently among several irradiation fields, and that the equivalency of BNCT is guaranteed, within and across BNCT systems. In theory, the various different BNCT irradiation systems should provide similar neutron irradiation fields as they were designed according to the similar criteria for irradiation characteristics. 10 However, the neutron energy spectra vary among 70 systems. Specifically, the mixing ratio of the fast neutron component (>10 keV) to the thermal and/or epi-thermal neutron components (<10 keV) varies between systems and must be characterized before clinical use.
The relative biological effectiveness (RBE) for neutrons is dependent on the energy. With this in mind, it is necessary that the RBE for fast neutrons incident to a new BNCT irradiation field be 75 estimated by biological experiment, typically through a phantom study prior to clinical use.
However, in a typical water and/or acrylic phantom, thermal neutrons (<0.5 eV) are generated in the phantom at almost the same level as fast neutrons. Moreover, secondary gamma rays are generated 4 in the phantom, and dominate the dose deposition under typical irradiation conditions. Subtraction of the contributions to the dose from the secondary gamma rays and thermal neutrons is required to 80 estimate the RBE for fast neutrons, which increases the uncertainty in dose determination.
This study seeks to improve the accuracy in the dose measurement for fast neutrons through the combination of phantoms made of different materials in which the dose components can be separated according to differences in the interaction cross-sections. One phantom was filled with pure water. The other phantom was filled with a water solution of lithium hydroxide (LiOH), 85 capitalizing on the absorbing characteristics of lithium-6 (Li-6) for thermal neutrons.
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In the same manner as boron-10 (B-10), Li-6 has a large (n,α) reaction cross-section with lowenergy neutrons. The reaction cross-section is large (940 barn for thermal neutrons), and no gamma rays are generated in this reaction. Considering these characteristics, the neutron energy spectrum can be hardened using a phantom containing a proper quantity of Li-6. As a result, it was expected 90 that the dose rates for thermal neutrons and secondary gamma rays would decrease substantially without changing the dose distribution for fast neutrons. The combination of a pure water phantom and a phantom containing Li-6 may result in a more accurate dose measurement for fast neutrons.
The development of a "dual phantom technique" for measuring the fast neutron component of dose incident to BNCT irradiation fields is reported.
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II. MATERIALS AND METHODS
II.A. Monte Carlo simulation
Lithium-6 is thought to be a suitable thermal neutron absorbent due to its large reaction crosssection for thermal neutrons and lack of gamma-ray production. Water, acrylic resin, or 100 polyethylene are typical candidates for the base material of a phantom. However, lithium is an alkali metal and does not readily mix with any of these base materials. Furthermore, it may ignite as a result of a reaction with water. Therefore, it was necessary to select compounds containing lithium as the base material for the phantom. A water solution of lithium hydroxide (LiOH) was chosen as 5 the phantom material which allowed for the mixing ratio of Li-6 to be regulated and the physical 105 characteristics could be well defined.
As expected, a small mixing ratio of Li-6 in solution with LiOH decreases the thermal neutron absorption, while a large mixing ratio substantially influences the dose distribution for fast neutrons. Prior to construction of the phantom, the Li-6 mixing ratio was surveyed using MCNP-4C. 12 Simulations were performed for LiOH concentrations of 0, 0.001, 0.01, 0.1, 1, and 10 in 110 weight percent. It should be noted that the upper limit of the solubility of the LiOH concentration in water is 12-13 in weight percent at normal temperature. The LiOH concentrations studied corresponded to Li-6 concentrations of 0, 0.26, 2.6, 26, 260 and 2,600 ppm, respectively, as the natural abundance of Li-6 is 7.5%. Additional simulations were performed for a phantom with a 6 LiOH solution of 10 weight percent, assuming that 95%-enriched Li-6 was used. For this phantom,
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the Li-6 concentration corresponded to 25,000 ppm. LiF in the collimator was 50 weight percent using the natural abundance of Li. The simulation 6 geometry included the collimator and phantom. The irradiation room walls and other system components were not explicitly modeled in this study.
Simulations were performed assuming the KUR power was 1 MW with an irradiation aperture 12 cm in diameter, corresponding to the experimental setup as described below. Changes in the depth-130 dose distributions of the thermal neutron flux, fast neutron flux, primary gamma-ray dose rate, and secondary gamma-ray dose rate along the central axis were considered. is approximately equal to 1 cGy of gamma-ray dose. The TLDs were used in conjunction with the gold foil to correct for the neutron sensitivity. Considering the irradiation time necessary for accurate measurements, two irradiations were performed for each phantom. The first irradiation included the bare gold wire and TLD, and the second included the cadmium-covered gold wire and indium foil. The KUR power was 1 MW, and 165 the irradiation time was 1 h for the former combination and 10 h for the latter combination. For reference, the KUR is operated at or below 1 MW for experiments to save fuel after the fuel lowenrichment process was completed. The KUR is only operated at 5 MW for clinical BNCT irradiations, which is the same power as used before the fuel low-enrichment.
II.B. Experimental measurements
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III. RESULTS
8
III.A. Monte Carlo simulation
The simulation results for the depth distributions of the thermal neutron flux on the central axis in phantom are shown in Figure 3 . Distributions are shown for the pure water phantom of 0%-LiOH concentration, the 1%-LiOH phantom, the 10%-LiOH phantom, and the 10%- LiOH phantom. It can be confirmed that the secondary gamma-ray dose rate decreases as the Li-6 concentration increases accordingly with the decrease of thermal neutron flux. Compared with the pure water phantom, the secondary gamma-ray dose rate decreased to 70% for the 1%-LiOH phantom and to
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22% for the 10%-LiOH phantom, at the 2 cm depth near the distribution peak. For the 10%-6 LiOH 10 phantom, the secondary gamma-ray dose rate was approximately 3.6% and it decreased to almost one twenty-eighth. LiOH solution phantom of 10 weight percent is the most effective in enhancing the fast neutron component.
III.B. Experimental measurements
Based on the simulation results, a 6
LiOH solution phantom of 10 weight percent was constructed.
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The measured results for the depth dose distributions of the thermal and fast neutron fluxes on the central axis in the 10%-
6
LiOH phantom and pure water phantom are shown in Figure 7 . Measured values are compared with the simulation results, normalized to the measured results at the peak of the thermal neutron flux for the pure water phantom. values. The absolute differences are thought to originate in the beam characteristics at HWNIF owing to the reactor-core conditions of KUR such as the fuel arrangement. The relative differences observed in the distribution curves, are thought to be caused by additional scatter from the irradiation stage and/or irradiation room walls, as these components were not explicitly simulated. the simulation results, the total and secondary gamma-ray dose rate distributions are shown. The data in Figure 8 were normalized in the same manner as described above. phantom are assumed to be primary gamma rays.
As with the fast neutron flux results, the measured and simulated gamma-ray dose rate distributions were not in agreement. Differences were especially large at depth for the 10%- In the pure water phantom, the breakdown of the total dose rate at a depth of 2 cm near the distribution peak is 12% for fast neutrons, 15% for thermal neutrons, and 73% for gamma rays, as shown in Figure 9 . This breakdown changes to 6% for fast neutrons, 12% for thermal neutrons, and 82% for gamma rays at a depth of 5 cm, and further changes to 4% for fast neutrons, 5% for thermal 290 neutrons, and 91% for gamma rays at a depth of 10 cm. Over the interior of the phantom, the contribution of gamma rays is dominant and becomes larger at depth.
In the 10%-6
LiOH phantom, the breakdown of the total dose rate at a depth of 2 cm is 56% for fast neutrons, 2% for thermal neutrons, and 42% for gamma rays, as shown in Figure 10 . This breakdown changes to 47.5% for fast neutrons, 0.5% for thermal neutrons, and 52% for gamma rays 295 15 at a depth of 5 cm, and further changes to 34.9% for fast neutrons, 0.1% for thermal neutrons, and 65% for gamma rays at a depth of 10 cm. In the 10%-6 LiOH phantom, the thermal neutron dose rate decreases to below almost one-thirtieth of the fast neutron dose rate. The gamma-ray dose rate decreases to an equilibrium with the fast neutron dose rate at a depth of 4 cm. At depths greater than 4 cm the gamma-ray dose rate remains larger than the fast neutron dose rate and is approximately 300 2.5 times larger at a depth of 10 cm.
Figure 9
Depth distributions of the total dose rate and breakdown in the pure water phantom. water phantom in which the fast neutron dose contribution is at most 10%.
V. CONCLUSION
A dual-phantom technique was developed to improve the accuracy of the dose measurement for fast the neutron component incident in a BNCT irradiation field. This study modified the neutron 315 energy spectrum in a phantom, resulting in a different breakdown of dose components by using a phantom containing an appropriate quantity of Li-6.
For the LiOH phantom, it was found that the absorbing effect for thermal neutrons became apparent when the LiOH concentration was over 1%, based on the simulation results of the Li-6 mixing ratio in a LiOH solution. The most effective Li-6 concentration was determined to be 320 enriched 6
LiOH with a solubility approaching its upper limit. In this work, a 6
LiOH of 95%-enriched Li-6, which was in stock at KURRI, was used to prepare the water solution of 10 weight percent for use in the phantom.
Using the prepared 10%-6 LiOH phantom, it was experimentally confirmed that thermal neutron flux and secondary gamma-ray dose rate diminished substantially but the fast neutron flux and 325 primary gamma-ray dose rates were minimally affected. The contribution of the fast neutron dose was improved to almost 50% on the central axis in the 10%-
6
LiOH phantom, while the fast neutron dose contribution was at most 10% in the pure water phantom. Applying the dual phantom technique using the combination of a pure water phantom and a 10%- LiOH is expensive and difficult to obtain.
Future studies will seek to develop a phantom containing lower-enriched Li-6 or natural Li. For example, LiF can be loaded to nearly 50% when polyethylene is used as a base material. We are also planning to prepare a solid LiF polyethylene phantom for the study of RBE. 
